Abstract. In spite of its importance as a natural photoprotector, the biological function of melanin is far from well understood because its atomic-level structure is not known. One of the points of interest is its broad absorption spectrum. It is crucial for its function and has an uncommon shape with a quasi-exponentially decaying band towards the red edge, reaching further than 800 nm. To identify the structural factors responsible for this feature, we have computed the vertical absorption of the basic components of eumelanin, oligomers of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), at the TD-DFT level. Here we present a preliminary report on the results for 73 DHI and 58 DHICA oligomers that cover the structural and redox diversity found in eumelanin. We have identified several structures that absorb at wave lengths above 800 nm, all of which contain oxidized DHI units, ie quinones or quinone methides. The transitions also have a pronounced charge transfer character, which suggests that they may give rise to proton-coupled electron transfer radiationless decay mechanisms that are important for the photoprotecting function.
Introduction
Melanin is the characteristic deeply coloured, insoluble and heterogeneous biopolymer of animal skin, hair and eyes. [1] [2] [3] It is responsible for protection against harmful light action. It may also have a pathogenic role as a generator of reactive oxygen species leading to melanoma, and may be involved in the development of diseases such as macular degeneration, noise-and drug-induced deafness, Parkinson's and Alzheimer's diseases, and others. 4 Melanin has also raised interest in material sciences because its polydopamine synthetic analogue is a versatile surface functionalization and coating material. [5] [6] [7] In spite of these implications, the details of melanin structure and its biological function are still largely unknown. This is due to its heterogeneous and granular nature, which prevents crystallographic characterization and limits our knowledge of the atomic-level structure. Melanin's photoprotective function is based on two photophysical features, a broad absorption spectrum that enables it to absorb all UV and visible light of the environment and reaches into the near IR, and lack of fluorescence indicative of benign dissipation of the excitation energy. The absorption spectrum has a characteristic shape with a quasi-exponentially decaying band towards the red edge that reaches wave lengths of 800 nm and higher. 8 Our goal is to obtain new insight into the structural motifs that are responsible for this spectral feature by studying the absorption spectrum of the basic melanin components.
Scheme 1
Melanin appears in two varieties, black eumelanin and the more reddish pheomelanin. We focus on eumelanin, the most abundant one. It is composed of oligomers made of two basic units, 5,6-dihydroxyindole (DHI) and 5,6-dihyroxyindole-2-carboxylic acid (DHICA) (see Scheme 1) . According to the hierarchical structure model, 6, 9 DHI and DHICA form oligomers with estimated molecular weights between 600 and 1200, ie 4-8 DHI or DHICA units. Starting from the oligomers, three levels of assembly are distinguished: first, the oligomers aggregate by stacking or bundling to form small particles of approximately 2 nm size (4-6 oligomers). In a second level, these particles give rise to substructures of 10-60 nm size, and in a third level these substructures form nanoparticles of > 100 nm size and various shapes called melanosomes. In addition, the heterogeneous nature of melanin nanoparticles includes three levels of disorder or diversity:
10 structural disorder, which refers to the monomer connectivity in the different oligomers; redox disorder, which refers to the possibility that the DHI and DHICA units are present in their catechol (ie dihydroxyphenyl), quinone or quinone methide form; and geometric disorder, which refers to the way the protomolecules are aggregated in the larger subunits. In our study we aim to cover structural and redox disorder in the oligomers, and we introduce a notation for the redox disorder. The coupling of the monomers in the oligomers needs elimination of two hydrogen atoms for every C-C bond that is formed. One current hypothesis to explain the absorption at the red edge of the melanin spectrum is that it comes from cyclic, porphyronoid DHI tetramers. This idea was introduced on the basis of time-dependent (TD) density functional theory (DFT) calculations carried out for tetramers with 2 to 4 oxidized units in Q or (I)MQ form (oxidation state 2 -4 in our notation), [11] [12] and it was further supported by simulations considering large aggregates of the cyclic, oxidized tetramers, treated with a Frenkel exciton model. 13 The presence of such cyclic units in natural melanin has been questioned, 23 but recent electrochemical measurements have confirmed the presence of such species. 24 The role of linear and branched oligomers in the spectrum has also been studied computationally. The vertical excitation spectrum for a set of DHI oligomers (monomers to pentamers), all in their reduced form, has been calculated at the CC2 level.
14 The electronic absorption shifts gradually to the red as the size of the oligomer is increased, and π stacking has a similar red shifting effect. The maximum wave length calculated for these reduced structures is 460 nm. In another study, the vertical absorption spectra of seven different structures (dimers to tetramers with oxidation state 1 to 3) have been calculated at the ADC(2) and TD-DFT levels. 15 In this case, the S 1 energy gradually decreases going from oxidation state 1 (approximately 1.8 eV) to 2 (1.3-1.7 eV) and 3 (1.2 eV, ie 1000 nm). Overall, these precedents suggest that the oxidation state plays a key role for the absorption properties of the eumelanin components, since the reduced oligomers have absorptions below 500 nm and all calculated species that reach the near IR part of the spectrum have several oxidized DHI units. However, the results correspond to only a reduced number of examples, and a systematic study covering structural and redox diversity in a broader fashion, and including also the DHICA oligomers, is still lacking. Our aim is to provide this study and investigate how the lowest energy transitions (S 1 ) of compounds with different structural and redox motifs contribute to the red edge of the spectrum. We have generated in a systematic way a set of 73 DHI and 58 DHICA oligomers (dimers up to tetramers) representative of the structural and redox disorder. Our preliminary results confirm the importance of the oxidized structures to generate the red edge of the spectrum, and we have identified a set of 11 compounds (trimers and tetramers with oxidation states 2 to 4) with vertical absorption at 800 nm or higher wave lengths.
Computational Details. All ground-state structures have been optimized with DFT at the CAM-B3LYP level of theory, and the vertical excitations have been calculated with time-dependent DFT (TD-DFT) using the same functional. The calculations for the DHIand DHICA-based oligomers have been carried out with the 6-311G(d) and 6-31G(d) basis set, respectively. All calculations have been carried out with Gaussian09. 16 Generation of structures. We consider trimers and tetramers of DHI and dimers and trimers of DHICA. We consider oligomerization by coupling at the 2, 3, 4, and 7 positions (see numbering in Scheme 1), even though oligomerization at C 3 has been considered less likely on the basis of the calculated spin density of the corresponding radicals. 25 In all basic units with catechol structure we keep the intramolecular hydrogen bond between the two neighboring hydroxyl groups, which is known to be the preferred arrangement in catechols. The structures are labeled using the following notation: X-N-i-j-k, where X stands for the basic unit (DHI or DHICA), N for the oligomer type (Di, Tri or Tetra for dimers, trimers and tetramers), i is the oxidation state (0 to 4), j stands for connectivity and k represents different rotational isomers or tautomers. For the DHI trimers we start from four reduced constitutional isomers with (2,4')-(2',4"), (2,4')-(2',7"), (2,7')-(2',3"), and (3,3')-(2',7") connectivity (DHI-Tri-1 to DHI-Tri-4). For each isomer there are four rotational isomers depending on whether the intermonomer CC bonds have a transoid or cisoid configuration. This gives a total of 16 isomers (DHI-Tri0-i-j, i=1,4, j=1,4, where i=1,4 means that i runs from 1 to 4, and the same for j). The 16 structures are optimized, and the most stable rotamer of each constitutional isomer is selected to proceed with oxidation. For each trimer we consider 1 structure with oxidation state 1 (DHI-Tri1-i, i=1,4), bearing in each case a MQ motif, and 2 with oxidation state 2 (DHI-Tri2-i-j, i=1,4, j=1,2) combining Q and IMQ motifs. For the reduced DHI tetramers, we start from the four preferred DHI-Tri0-i constitutional isomers and add a further DHI unit, which gives the following connectivity: (2,4')-(2,4")-(2",4'''), (2,4')-(2'4")-(2",7'''), (7,2')-(3',3")-(2",7'''), and (2,7')-(2',3")-(2",7'''). For each connectivity we consider four rotational isomers, ie a total of 16 isomers (DHI-Tetra0-i-j, i=1, 4, j=1,4) . Similar to the trimers, for oxidation we proceed with the most stable rotamer of each constitutional isomer and consider 1 structure with oxidation state 1 for each case, bearing the MQ motif (DHI-Tetra1-i, i=1,4). For oxidation state 2 we consider 3 structures for each constitutional isomer (DHI-Tetra2-i-j, i=1,4, j=1,3), 2 with MQ+Q and one with 2xQ motifs. For oxidation state 3 we consider a total of 10 structures with the most possible extended conjugation (DHI-Tetra3-i-j, with i running from 1 to 4 and j from 1 to 3 except for i=3, where we only consider one isomer). Finally, for oxidation state 4 we consider 3 structures with 4xQ motif (DHI-Tetra4-i, i=1,3).
For the DHICA dimers we consider five constitutional isomers with (3,4'), (3,7' ), (4,4'), (4,7' ) and (7,7') connectivity (oxidation state 0, DHICA-Di-0-i, i=1,5), two possible Q structures for each isomer (oxidation state 1, DHICA-Di-1-i-j, i=1,5, j=1,2 except for i=3) and the two 2xQ forms of each isomer (oxidation state 2, DHICA-Di-2-i, i=1,5). Finally, for the DHICA trimers we start from a set of five constitutional isomers with (3,3')-(7'-3"), (3,4')-(3',4"), (4,3' )-(7',7"), (4,4')-(7',4"), and (4,4')-(7',7") connectivity (oxidation state 0, DHICA-Tri-0-i, i=1,5). For each trimer we consider all possible oxidized structures with Q motifs, namely three possible Q structures (oxidation state 1, DHICA- Tri-1-i-j, i=1,5, j=1,3) , three 2xQ ones (oxidation state 2, DHICA-Tri-2-i-j, i=1,5, j=1,3) and a 3xQ one (oxidation state 3; DHICA- Tri-3-i, i=1,5) . The complete list of compounds is provided in Tables A1 and A2 of the Annex.
Results
The results for our sets of 73 DHI and 58 DHICA oligomers are summarized in Tables 1  and 2 . For each subset of compounds with a given number of units and oxidation state, we present the average S 1 vertical excitation together with the standard deviation in brackets, the wave length corresponding to the average excitation, and the average oscillator strength with its standard deviation. We also include the number of compounds used for each subset, and for the oxidized DHI oligomers we include the number of compounds with an (I)MQ motif. The S 1 excitation energy data are also presented graphically in Figure 2a The results show the expected decrease in S 1 excitation energy as the number of basic units and the oxidation state increase. These trends are found both for the DHI and DHICA derivatives. Significantly, the main effect appears to come more from the oxidation state than from the number of units, as the differences between the subsets of different oligomer types with the same oxidation state (DHI trimers vs tetramers or DHICA dimers vs trimers) is smaller than 0.1 eV with one exception (DHI-Tri-2 and DHITetra-2 subsets). Oxidation of a single unit is sufficient to lower the S 1 energy of all oligomers from 3.8 -4.0 eV to approximately 2 eV, and further oxidation pushes down the average excitation energy by several tenths of eV. Regarding the oscillator strengths, there is a clear decrease going from the reduced species to the oxidized ones, but there is no clear trend as the oxidation state is increased. We also could not identify a clear-cut effect of the (I)MQ motifs compared to the Q ones for the DHI oligomers. Finally, the results for DHI and DHICA cannot be compared in this preliminary report because they were obtained with different basis sets (see Computational Details). The factors that fine tune the excitation energy in the compounds that absorb at the red edge are difficult to determine. In Figure 3 we present four tetramers, all of which have three consecutive Q units with very similar connectivity, but whose S 1 energy varies appreciably between 1.51 and 1.19 eV. We have investigated whether there is a correlation between the excitation energy and the overall planarity of the compounds, ie the torsional angles between the connected units, but we could not find a clear correlation. It seems that to establish satisfactory structure-property relationships more compounds have to be investigated. It can also be expected that the absorption will change upon aggregation of the oligomers to larger units. Finally, we have examined the nature of the transition for several tetramers, 3 with oxidation state 3 and 1 with oxidation state 4. The charge transfer character is analyzed calculating the modulus of the difference vector between the S 0 and S 1 dipole moments. The calculated values are 5.6 -14.2 Debye (see Table 3 ), which shows that there is a substantial charge transfer in these compounds. The S 1 natural transition orbitals for DHI-Tetra-3-1-1 are shown as an example in Figure 4 . The charge transfer character may trigger excited state proton-coupled electron transfer mechanisms that have been postulated to play an important role in the radiationless excited-state deactivation of melanin constituents. Table 3 . S 1 excitation energy (in eV) and character (moduli of the S 1 ,S 0 dipole moment difference and the S 0 and S 1 dipole moment vectors, in Debye) for 4 representative DHI oligomers. a Calculated using the center of nuclear charges as reference.
17-22
Compound E exc [eV] ∆ ! ! ,! ! [D] ! ! [D] a ! ! [D] a DHI-Tetra-3-1-
Conclusions
The main conclusions from our study of 131 DHI and DHICA derivatives are: (1) the S 1 vertical excitation decreases gradually as the degree of oxidation of the oligomers increases. In particular, there is a large decrease going from the reduced compounds to the ones that we label as oxidation state 1, followed by a more gradual decrease as the oxidation state is increased further. This effect seems to be more substantial than the decrease originated by increasing the number of units in the oligomers. (2) Some of the calculated DHI tetramers with oxidation states 2, 3 and 4 have absorption energies at wave lengths above 800 nm. This suggests that these structures may well contribute to absorption at the red edge of the melanin spectrum, similar to what has been postulated earlier for cyclic, porphyrinoid oligomers. 12-13 (3) The S 0 ⟶S 1 transition (a) (b) calculated for selected tetramers has a pronounced charge-transfer character, which is consistent with the postulated proton-coupled electron transfer mechanisms that have been postulated for the radiationless decay of the excited species. Overall, more calculations are required to get more insight into possible structureproperty relationships and to do a meaningful comparison between the DHI and DHICA oligomers. These calculations are under way in our laboratory. 
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